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ABSTRACT
Global climate change threatens glacial ice, which contains vital
information on paleoclimate, paleo-atmosphere, and ancient organisms due to
rising temperatures and CO2 levels (IPCC, 2014). Throughout the Transantarctic
Mountain Range, a minimal number of buried ice masses have been previously
discovered which have the potential to contain ice that exceed the ages of most
glaciers on Earth. These ice masses are buried under < 1 meter of till, which
thermally shields them and limits sublimation, thus preserving the ice. An
example of such buried ice mass is found in Ong Valley, Antarctica where a
sublimation till completely covers the ice and is dated at > 1.1 Ma years old,
consequently making it one of the oldest known ice masses on Earth.
In addition to two published locations, no systematic effort has been made
to map such ice masses in Antarctica. This research is motivated by the potential
trove of paleoproxies harbored in these ancient ice masses.

xiii

We used remotely sensed imagery (World View) to identify locations for
these buried ice masses. The imagery consists of spectral bands in the blue, red,
and green spectrum with sub-meter spatial resolution. The visual detection of
landforms associated with buried ice masses combined with digital elevation
models allows us to uniquely identify potential buried ice sites. To develop and
refine our techniques, we used Ong Valley, Antarctica for ground-truthing.
Over 8,000 images, covering an area of approximately 3.4 million km 2,
underwent analysis, providing 24 probable ancient ice masses. Out of these
24 sites, 8 were found to have the greatest potential for containing older ice due to
experiencing more than one previous advancement of the Antarctic Ice Sheet.
These sites are potential areas for future field-work to confirm the existence of
ancient ice, and to extend the glacial paleoclimate archive further back in time, to
increase our understanding of ice-sheet fluctuations, and to aid in future climate
predictions.
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CHAPTER I
GENERAL INTRODUCTION AND BACKGROUND

History and Background
Ice is a remarkable archive. It contains vital information in the form of
paleoproxies; paleo-climate, paleo-atmosphere, and ancient organisms contained
within the air bubbles in the ice. In the past, ice cores have been drilled from
continental ice sheets and alpine glaciers to develop paleoclimate records
(Dansgaard et al, 1969; Jouzel et al, 2007; Luthi et al, 2008; Fischer et al, 2013).
Most glaciers are classified as less than 1,000 years old years old or
“young” in terms of the geologic timeline, and only contain more recent
information at the surface due to constantly moving, melting, and sublimating
(Hooke, 2005). However, the age of the ice is not necessarily equivalent to the
age of glaciation; many areas containing glaciers have been glaciated much longer
than the ice that can be dated. This is due to the constant movement, melting and
sublimating of the ice. Ice that is deposited first or snow that metamorphoses into
ice is difficult to reach at the base of thick ice sheets based on the law of
superposition. Ice begins to move or plastically flow after about ~10 meters of
significant weight (Hooke, 2005). It is also possible that the older ice was
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removed or disturbed in the past due to melting, glacial movement or increased
exposed ice sublimation.
Alpine ice in the Rocky Mountains is approximately a few hundred years
old (Corrick et al, 2020; King et al, 2020). Both Greenland and Antarctica have
been glaciated for much longer than this. Antarctica is thought to have been
glaciated for the past 35-40 million years (Denton et al, 1991). However, the
longevity of glaciation is not the same as the overall age of the ice due to
additional accumulation, melting and sublimation that can occur throughout time.
Thus, longer glaciation does have the potential to harbor older ice if such ice has
not been removed or disturbed (Luthi et al, 2008; Jansen et al, 1988; Fischer et al,
2013).
Antarctica has some of the oldest ice on Earth at > 1.1 Ma years old
(Bibby et al, 2016), but obtaining samples of the ice is problematic. The depth at
which ice cores can be drilled is dependent on associated climatic, technology,
and equipment limitations.
It is expensive for the federal government to purchase ice core equipment
and establish (semi)permanent scientific camps. Some sites are only accessible
during certain portions of the year, and travel to sites can take weeks. This can
then lead to multi-year campaigns. There is the added challenge of the meticulous
careful handling of the ice core to ensure it is suitable for examination. These
limitations therefore impede our ability to obtain long, continuous climate records
potentially limiting how far we can look back in time.
2

The longest, continuous climate record for Antarctica comes from ice
cores drilled at Dome C, which provided an age of 740,000 years (Jouzel, et al,
2007; Luthi et al, 2008; EPICA, 2009).
Two previous buried ice masses have been discovered and studied. One
buried ice site had been previously located, Beacon Valley; however, this site is
controversial due to a lack of supporting evidence for the supraglacial ash layer
with an age of approximately 8.1 Mya (Sugden et al, 1995). However, recently,
an ancient, buried ice mass has been discovered in the Ong Valley, Transantarctic
Mountains (TAM), (Bibby et al, 2016).
Although this would normally be an appropriate way to infer the age of
the ice using the law of superposition, the potential mixing of ice from various
inlet glaciers could provide inconclusive results due to glacier flow dynamics.
This mixing is evident visually due to lobate debris lines from satellite images.
Subsequent analysis of the ice below the ash also suggests that the ice below may
be younger than the ash above (Hindmarsh et al, 1998; Stone et al, 2000) Distinct
lobate debris flow lines are visible in both sites indicating where previous flow
terminates. Debris flow lines seen in Ong valley accentuate the buried ice below
and the potential for varying ages from differing advancements. Both sites
provide distinguishing characteristics that could be used for further analysis and
the possible location of more potential buried ice sites. The ice in both sites is
approximately 1 meter from the surface for easy access, and they contain ice that
is over one million years old.
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Motivation and Research Objective
The rate of climate change continues to accelerate, resulting in the
disappearance of ice and erasure of climatic and geologic records contained
within it (Williams et al, 2020; King et al, 2020). The paleoproxies found within
the ice, contain a wealth of information pertaining to past climate, past
atmosphere, and possibly contains ancient micro-organisms and DNA. This
information is invaluable to scientists as it can be used to determine paleoclimate
and the potential to look possible trends for the future.
Due to increasing climatic uncertainty and the escalating risk of significant
ice loss, being able to locate, study, and preserve the oldest ice on Earth is
becoming a greater priority. However there has been minimal research on buried
ice masses in Antarctica (Glasser et al, 2016; Herreid et al, 2020). Therefore,
additional research into buried ice masses in Antarctica has been brought to the
forefront. However, locating buried ice masses in order to study them has proven
to be challenging due to the debris cover that protects them.
We hypothesized that in order for a buried ice mass to form and be
preserved, a glacier will enter an area or a valley and with time ice is pushed up
slope by the overall force of the ice sheet expansion. When the glacier leaves the
valley, some ice is stranded and forms a pocket.
When sublimation occurs, the top layer of ice is removed and the debris
that is trapped in the ice remains (till < 1m). As the thickness of debris increases
so does the preservation of ice (Ostrem, G., 1959). Therefore, it is thought that
sublimation and accumulation of debris on ice can thermally protect the ice below
4

thus allowing for the formation of buried ice masses. However, this process is not
well understood. It is possible that the terminus of the glacier has englacial till
which could potentially collect through sublimation, leaving debris on the surface
thus thermally protecting the ice below. Essentially as the ice sublimates, it
concentrated debris behind, thus providing more till to the surface with time.
While the remaining ice lacking debris may recede or sublimate away. Climatic
conditions in this area prevent melting, but sublimation can occur.
An example of where this process has taken place is found within the
Transantarctic Mountains (TAM) in Ong Valley. Ong Valley has a thin
(< 1 meter) layer of debris in a simple geomorphic setting with sublimation till at
> 1.1 Ma years old (Bibby et al, 2016), consequently making it one the oldest
known ice masses on Earth.
In the cases of Ong Valley and Beacon Valley, the layer of debris
thermally protects the ice below, which is thought to prevent further sublimation.
It is a well-known fact that debris-cover on ice over 5cm (Ostrem, G., 1959)
suppresses sublimation; therefore, ice persists at the surface for longer periods of
time. (Hindmarsh et al, 1998; Marchant et al, 2002; Schorghofer et al, 2005;
Kowalewski et al, 2006; Herreid et al, 2020).
Surface rock debris causes the melt rate to increase up to about 2cm of
thickness (Herreid et al, 2020). However, a thickness of roughly 5cm of debris or
till can provide enough protection so that sublimation is almost completely
negated (Ostrem, G., 1959; Glasser et al, 2016; Westoby et al, 2020). It has been
theorized that additional buried ice masses in the TAM most likely share common
5

key attributes with the known buried ice masses located in Ong Valley and
Beacon Valley. This research was undertaken to determine if commonalities
possibly exist and to develop methods using the site in Ong Valley as ground
truthing in order to locate other potential buried ice masses. Ong Valley was used
as ground truthing for the determination of more potential buried ice sites through
specific characteristics.
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CHAPTER II
FIELD AREA

Geology of Antarctica
The geologic history of Antarctica is extensive similar to other continents
on Earth. The rocks that make up the continent are Neoproterozoic to present in
age. However, our focus is primarily on TAM (see Figure 1). The exposed rock in
the TAM varies in age from over 3 billion years old to present (Goodge, 2020).
However, it is not well known how modern TAM formed.
There are three major provinces in Antarctica: West Antarctica, the Ross
Orogenic belt, and the Precambrian Craton. The Eastern side of the continent
(East Antarctica) is considered stable craton while the western side is a large
extension province. TAM forms the divide between the east and west. The
continent took its current position around Jurassic time around 100 Ma years ago
(Goodge, 2020).
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Figure 1. Map of the Central Transantarctic Mountains, TAM being the focus of
our field area. The Pensacola Mountains (not shown) are to the north.
8

TAM has been used to construct supercontinent evolution throughout
Earth’s history. The history of the continent of Antarctica has gone through
various changes and movement due to tectonic activity. It is theorized that TAM
began to form in the early Jurassic (~180 Ma) allowing what is now known as
Antarctica and eastern Africa to split due to volcanism aiding in the creation of
TAM (Goodge, 2020).
Volcanism occurred multiple times throughout the continent’s existence
(Goodge, 2020), which allowed for the current day TAM to form. They are
considered as the longest intraplate mountain belt on Earth (Goodge, 2020) and
give the perfect climate setting for preservation of glacial ice. This is due to the
fact that about 98% of Antarctica is covered in ice and thus TAM provides valleys
to harbor debris covered ice masses.
A number of studies have been conducted to determine previous
glaciations in Antarctica. It is commonly known that the glaciation of Antarctica
began approximately 34 million years ago (Wise et al, 1991). However, climatic
conditions have caused the ice to expand and contract thought out time. Very little
is known about previous glaciation in Antarctica.
There are various studies that have been undertaken to determine previous
ice extents such as lateral moraines, which indicate several ice high stands in
West Antarctica (Ackert et al, 1999). Recent studies have put the last glacial
maximum (10,000 years ago) at 45 meters about present day surface based on
Helium-3 and chlorine-36 exposure ages at the surface (Ackert et al, 1999).
Coring Dome C allowed for a continuous ice record going back approximately
9

800,000 years (Jouzel et al, 2007; Luthi et al, 2008). However, this is a relatively
short time based on all of the Earth’s geologic history.
For this study we are focused on ice covered with debris or debris covered,
patterned polygon ground that is older than the last glacial maximum (>10,000
years).
Previous work on alpine glaciers such as the Mullins and the Friedman
glaciers show the prospect for debris covered glaciers to contain records of past
climate change due to their solar sensitivity (Mackay, 2017), thus meaning that
debris covered surfaces are more likely to harbor older ice. Polygon ground is
associated with climate stability due to its thermally protective properties
(Marchant et al, 2002; Levy et al, 2006). Examples such as Ong Valley and
Beacon Valley give insight into the possible age of the older ice.

Field Area in the Transantarctic Mountains
The Transantarctic Mountains form a divide between the East and West
Antarctic Ice Sheets. TAM was used as the focal point for our research because it
makes up the most ice-free surface in Antarctica. Due to the vastness of the TAM,
including being <200 km wide in some locations, this limits the ice flow to the
Ross Sea from the TAM through specific outlet glaciers (Goodge, 2020). TAM
provides conditions that allow for the formation of rock glaciers and valleys that
may harbor ice >1 Ma years old thus making this a unique location on Earth to
study.
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The elevation of TAM is from sea level to a typical height of 2500-4000m,
with the tallest peak (Mt. Kirkpatrick, in the Queen Alexandra Range) at 4528
meters (Goodge, 2020). The climate in TAM is well below freezing with areas
like the McMurdo Dry Valleys ranging around -20 degrees C (Putkonen et al,
2003).
Discovery of ancient ice in Ong Valley, Antarctica (located in the Miller
Range), was the primary reason for this research and was used for ground truthing
for our study. Cosmogenic nuclide measurements taken from the debris surface of
Ong Valley show it to be about 1.1 Ma years old (Bibby et al, 2016). It is believed
that old ice could be present in other locations and could have a shallower than ~1
meter debris cover (Bibby et al, 2016).
Ong Valley contains patterned ground, sand wedge polygons. The
surrounding bedrock is comprised of the Nimrod group, Hope Granite and
Skelton Granite, which are Precambrian and Cambrian to Ordovician in age
(Grindley, 1967; McDougall and Grindley 1965).
Beacon Valley was also used to aid in the understanding of the interaction
of energy exchange of heat in debris and debris cover. Beacon Valley is located in
the McMurdo Dry Valleys. The low thermal conductivity of debris acts as a great
insulator, steepening the thermal gradient preventing further melting and therefore
insulating the ice (Putkonen et al, 2003).
Beacon Valley is lacking or has minimal ice velocity which aids in the
lack of sublimation (Rignot et al, 2002). Essentially, Beacon Valley is lacking ice
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flow, or lacking ice flow in a particular part of the valley. Due to this lack of
movement, sublimation can occur on the almost and/or completely stagnant ice.
The findings from both valleys promote the idea that more valleys of the
same type could likely be found in the Transantarctic Mountains. Both sites were
found in secluded alpine valleys. They also contain permafrost polygons
indicative of ice below the debris surface or ice cemented soil.
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CHAPTER III
METHODS

A variety of research has employed remote sensing to locate debris
covered ice throughout the world (Herreid, et al, 2020). However, limited
research has been done in Antarctica due to the historical lack of remote sensing
data and overall inaccessibility to physically find and verify site locations.
Recently, more remote sensing data, including yearly satellite images and
improved DEM coverage has become available (PGC, 2018). While there is
yearly satellite imagery taken, it is only certain locations based on the satellite
flight path and research requests. Using these new data, in combination with
existing data, this work was undertaken to primarily focus on developing methods
and processes to find all buried ice masses in the TAM.

Reference Data – Ong Valley
Ong Valley is a known location of a buried ice mass that has been verified
through fieldwork, and the age of the ice has been determined through
cosmogenic exposure dating (Bibby, et al, 2016). Because the valley has been
well-characterized, it was used as the basis for ground truthing for this study.
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Features of Ong valley were assessed in order to determine the best key
attributes for further buried ice exploration throughout the TAM:
i.

Visual observation of images
a. Use of sub-meter resolution imagery containing three spectral
bands: red, blue, and green
b. detection of permafrost patterned ground polygons (5-10 m
diameter)
c. Examination of glacial valley floor (bulges)convex topography
d. Presence of lateral and end moraines

ii.

Extraction of Digital Elevation Model (DEM) data from the Reference
Elevation Model of Antarctica (REMA) for further analysis with 2
meter spatial resolution.

iii.

Spatial analysis of DEM data using ArcGIS (ESRI, Redlands, CA) to
determine the best methods to identify potential buried ice.
a. Hillshade (3D Analyst)
b. Slope Degree (3D Analyst)
c. Curvature Profile (3D Analyst)

Based on the results of the assessment, Ong Valley was found to display
three key characteristics: visible detection of the valley in an approximately
20 km2 satellite image (see Figure 2), convex valley floor topography determined
visually (see Figure 3), and prominent lateral moraines demonstrated in both
DEM and satellite images (see Figure 4 and Figure 5).
14

Figure 2. Satellite photo of Ong Valley, the arrow is pointing into Ong Valley

Figure 3. Example of convex valley floor, the surface behind the yellow curved
line is bulged up where debris covered is located, compared to the debris in the
foreground which exhibits a depression
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Figure 4. Example digital elevation model, white indicating higher elevation and
black indicating lower elevation

Figure 5. Example hillshade image with lateral moraines present within the
orange circle. The moraines are the shaded lines on the valley wall
Differentiation of valleys containing buried ice and those that do not
required both visual analyses and DEM analyses. Therefore, the combination of
visual analysis of satellite imagery, and extraction of DEM data (followed by
16

associated spatial analyses in ArcGIS), was deemed to be the best overall method
for detecting potential buried ice sites. Specific details about each are included in
the sections below.

Satellite Imagery
Observation of satellite images throughout the TAM was a the first step in
discovery of valleys potentially containing buried ice. Imagery collected for the
purpose of this project were from the DigitalGlobe constellation (available to
Polar Geospatial Center (PGC) approved users), which has been used in previous
studies to determine debris covered ice extent (Herreid, et al, 2020). In order to
determine areas lacking buried ice versus valleys containing buried ice masses,
permafrost polygons were the main focus, thermally induced expansion and
contraction of the ice cause cracking in the frozen soil and causes polygon shapes
to form in the overlying regolith (Bockheim, 2009). Satellite imagery from
provided by the DigitalGlobe constellation, containing pattern ground valleys,
were taken for further analysis.
The DigitalGlobe constellation includes satellites and sensors such as
GeoEye-1 (450-920nm), IKONOS (400-820nm), WorldView-1 (400-900nm),
WorldView-2 (400-1040nm), WorldView-3 (397-2245nm), WorldView-4 (450920nm), and Quickbird 2 (452-1053nm) (PGC, 2018). For purposes of collection,
PGC has used WorldView-1, Worldview-2, and World-View-3 from 1999 until
the present, and various images from GeoEye-1 from 2009-2017 (most of which
were collected in 2015-2016 during the summer season) (PGC, 2018). PGC
17

provided this multispectral imagery that has sub-meter resolution (0.32-0.5m),
which allows for permafrost polygon detection.
An original set of images was obtained in the spring of 2019, which
included 7,579 images collected during 2003-2018 with various overlapping
sections to limit obstruction from snow and cloud cover. The multispectral
imagery contains bands 1-8 (380-2,290 nm).
Due to time constraints, in the fall of 2020, another 1,053 mosaicked,
cloud-free satellite images were collected from PGC without overlap. Bands 1-4
(380-700 nm) were provided for analysis
Analyses of the 8,632 multispectral images covering 3.4 million km 2 were
performed in two portions based on availability of the data. The images were used
to locate debris covered valleys throughout the TAM. The imagery from the
potential buried ice locations was analyzed with the projected coordinate system
WGS 1984 Antarctic Polar Stereograph, projection Stereograph South Pole.
To assess the potential for buried ice, the highest quality imagery was
selected for further analysis based on lack of atmospheric haze, cloud cover, and
snow cover. Valleys needed to be visually apparent when observing
approximately 20km2 areas covered by each satellite image. Satellite images then
underwent visual review. The selection of debris covered valleys containing clear
glacial termination within the valley and pattern ground containing permafrost
polygons were selected for further analysis (see Figure 6).
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Figure 6. Example of debris-covered valley with permafrost polygons, they are
seen as the brown debris mounds with the white snow/ice around circling them
next to each other, circled in orange is an example of one of these polygons
Bands 1-3 (red, green, and blue), covering a spectrum of 380-750 nm of
the satellite imagery, were used for the final visual analysis. For accuracy and
consistency purposes, the same individual completed all the analysis.
For better understanding of the locations, a shapefile base map was created
in ArcGIS (see Figure 7) and was divided into sections based on the two
collections of imagery. Generally, valleys placed in the ArcGIS database were >
0.20 km2. Potential valleys were then assigned a number along with a point file in
ArcGIS, which was placed in the relative middle of each valley.
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Figure 7. Area covered for research purposes is identified as the yellow shapefile
base map.
Area of debris covered valleys were determined manually using ArcGIS
using polygon shapefiles by calculating attribute geometry. Aspect was
determined using the linear directional mean tool in ArcGIS. Lines were drawn
using an individual line segment shapefiles from inside the valley to the compass
direction that was determined based on the line segment pointing out of the valley
opening.

Digital Elevation Model
The valleys that were identified using satellite imagery then underwent a
secondary test using the DEM. Our study utilized the REMA database (PGC,
2018), which contains elevation data. This data is extracted from DigitalGlobe
satellite imagery discussed previously in the Satellite Imagery section above, at a
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sub-meter resolution. Satellite altimetry measurements from Cryosat-2and ICESat
were used to vertically register each DEM in the database with less than one
meter of uncertainty (PGC, 2018). REMA covers approximately 98% of the
Antarctic surface; however, there is missing data near South Pole (PGC, 2018).
Retrieved DEM are mosaic tiles that have been altered to lessen edge artifacts by
co-registering DEM tiles, blending, and feathering for accurate extraction of an
area from the database.
A majority of the DEM used for our study sites were taken from the
REMA database, with a total of 36 sites collected. The DEM had Antarctica
Polar Stereograph projection, with sub-meter to 8-meter resolution. This
resolution was required for accurate visualization of topographic attributes
(convex ice and lateral moraines). However, 12 sites required DEM strips (2meter resolution) requested from PGC to cover the missing area around the South
Pole (PGC, 2018).
Extracted DEM were then placed in the ArcGIS database with the satellite
imagery for further analysis. Topography is indistinguishable from DEM in
ArcGIS; therefore, modification of the DEM was required. DEM was then
converted to a Hillshade model using the 3D Analyst toolbox for clear visual
interpretation of valley topography. Hillshade is a 3D surface representation using
relative sun position for shading (Environmental Systems Research Institute ESRI) (ESRI, 2011). The Hillshade tool allowed for the most accurate manual
profile placement to extract elevation for valley profiles (see Figure 8).
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Figure 8. Hillshade valley extracted profile examples, profiles were extracted in
three places in this valley where the blue, pink and purples lines are drawn
Interpolation of profiles was executed using ArcGIS 3D Analyst, using the
interpolate line tool to make profile graphs. These profiles varied between valleys
depending on the valley size. Profiles were taken past the current ice extent until
the valley end to identify clear convex ice topography, as well as identify the
number of bulges or potential ice advancements. Secondary profiles were taken
perpendicular to the original profile of convex topography mid-valley (see
Figure 9).
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Figure 9. Example profiles extracted to the corresponding cross section from the
valley (in meters) in Figure 8. Panel A shows potential buried ice convex profile
from cross section A. Panel B shows the main valley area with the potential for
buried ice from cross section B. Panel C shows the convex profile showing the
current exposed glacial ice and potential buried ice that resembles the shape of
current glacial ice.

23

One to three perpendicular profiles were taken based on the size, number
of potential advancements, and DEM resolution. This operation was done by one
individual for consistency. The process steps are shown in Table 1. Sites were
then grouped based on the number of bulges or convex valley floor curvature
shown in the profiles:
i.

Two or more advancements

ii.

One or more advancements

iii.

Ice free valleys

Table 1. Process Steps
Step

Process Description

1

Slope was taken from the ice extent until the end of the valley

2

The change in elevation over the valley length was calculated

3

General elevation was taken using the extract values from the points tool in
ArcGIS using the number points originally assigned using satellite imagery

4

A transect was measured along the TAM from the bottom edge of the
secondary base map, Victoria Land, to the upper most edge of the original
base map, Pensacola Mountains

5

Sites were then georeferenced perpendicular to the transect line to
determine trends across the TAM

6

These attributes were then graphed against one another to determine
potential trends including latitude and longitude.
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Aerial Imagery
Aerial imagery was acquired from PGC for visual analysis of sites that
contain one or more advancements. The imagery provided was collected using
aircraft from 1950 to the present. The imagery was taken from oblique left and
right angles as well as straight down from the US Navy (PGC, 2018).
The images were examined to ascertain if ice flow could be visually
determined along with potential lateral moraines. Aerial imagery provided a much
needed, closer look at valleys to better understand what is occurring in these
valleys based on debris flow lines.
USGS Map
The use of the USGS Antarctic map series was fundamental in locating
and identifying valleys for our study. The USGS map series was utilized to
determine potential names of valleys (USGS, 2020). See Table 2 below for the
USGS valley names.
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Table 2. USGS Map Names
Valley Name
1

Buckley Island Antarctica SV 51-60/3

2

Carlyon Glacier Antarctica SV 57-60/13*(156E-163E)

3

Convoy Range Antarctica ST 57-60/1

4

Liv Glacier Antarctica SV 1-10/5

5

Mount Blackburn Antarctica SV 1-10/11

6

Mount Goodale Antarctica SV 1-10/6

7

Mount Harmsworth Antarctica ST 57-60/9

8

Mount Joyce Antarctica SS 55-57/16

9

Mount Rabot Antarctica SU 56-60/14*(154E-165E)

10

Nilsen Plateau Antarctica SV 1-10/10

11

Shackleton Glacier Antarctica SV 1-10/1

12

Taylor Glacier Antarctica ST 57-60/5

13

The Cloudmaker Antarctica SV 51-60/4

Formation of Spatial Maps and Statistical Analysis
Various elements were observed to determine spatial and statistical trends
between sites based on the determined groups: i) area ii), aspect, iii) slope, and
iv) elevation. Satellite imagery of the valleys was then used to determine area and
aspect using ArcGIS. Area of debris covered valleys were determined manually
using ArcGIS utilizing polygon shapefiles by calculating attribute geometry.
Aspect was determined using the linear directional mean tool in ArcGIS. Lines
were drawn using an individual line segment shapefiles from inside the valley to
the compass direction was determined based on the line segment pointing out of
the valley opening.
DEM was used for slope and elevation extraction manually in ArcGIS,
completed by one individual for consistency and accuracy.
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Relative slope was taken from the current ice extent until the end of valley
with basic calculation determining the change in elevation over the length of the
valley.
General valley elevation was taken using the extract values from points
tool (ArcGIS) using the number point files originally assigned using satellite
imagery. A transect was measured along TAM from the bottom edge of secondary
base map (Victoria Land) to the upper most edge of the original base map
(Pensacola Mountains).
Sites were then georeferenced perpendicular to the transect line to
determine trends across TAM. These attributes were then graphed against one
another to determine potential trends including latitude and longitude.
Spatial analysis was visualized in graphs as well as in maps using inverse
distance weighting (IDW) in ArcGIS. This process uses sample points, in this
case, our sites, and determines the cell values between the points by using the use
values and linearity weighting the combination. This weight is a function of
inverse distance (ESRI, 2011). Therefore, making a resulting map of the surface
interpolated from the location of each independent variable:
i. Area
ii. Aspect
iii. Slope
iv. Elevation
For visual interpretation and decreased assumption over large gaps of
sites, a radius of 125 kilometers as assigned for each point of interpretation.
27

The last analysis that occurred was a cluster analysis. This method has
been used in various studies to compare multiple variables against each other
(Vandeberg et al, 2014; Wardrop et al, 2005). This was to see if any trends
between each site could be seen or is the attributes discussed above were grouped
in any particular pattern. Valleys containing potential buried ice masses were
compared to ice free valleys. A hierarchical agglomerative cluster analysis
(Wards method) was completed. This was done using Euclidean distance with the
parameters scaled to 0-1. This is an unsupervised classification method preformed
in SPSS. One analysis was completed comparing slope, aspect, area, elevation,
latitude and longitude. This method allows for cluster analysis between each site
to determine if any correlations can be identified. The second part of the analysis
was completed using squared Euclidian distance comparing slope, aspect, area
and elevation.
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CHAPTER IV
RESULTS

These methods resulted in the analysis of 48 debris coved valleys with
three categories (shown in the Appendix A), that underwent rigorous testing to
determine presence of potential buried ice. 24 potential buried ice masses were
located, shown Figure 10. This resulted in 11 sites containing two or more
potential advancements of glacial ice (10 of which were located >200m above the
current ice sheet), 13 sites containing one advancement of glacial ice, and finally
24 valleys that were found to be ice free (see Figure 11 through Figure 19).
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Figure 10. Area covered for research purposes is identified as the yellow shapefile
base map. Potential sites are identified as red points, small points are one site, and
larger points indicate a cluster of sites with no more than five sites in a cluster.
Two known, named valleys, Ong Valley and Beacon Valley, were counted
as sites containing two or more advancements of glacial ice. Using the USGS
maps (USGS, 2020), names for additional sites were associated and are shown in
Table 3.
Figure 11 through Figure 16 show the aspects for all of our 48 valleys.
Figure 17 through Figure 19 show general elevation, area, and slope. While most
of the analysis done can be found in Appendix B, the graphs that showed trends or
patterns are found in this section. Graphs included are mainly comprised of data
in comparison to aspect and/or various other comparisons such as elevation, area,
or location.
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Table 3. Sites Undergoing Further Assessment

Valley Name

Site Number
for Further
Assessment

No Name

1

Master Site
Number
Initial
Assessment
Category
(Ice
Potential)*
1

Not in Maps

2

2

-62.38582389

-84.8584618

1

Not in Maps

3

3

-64.8917148

-84.51962979

2

Gordon Valley

4

4

164.2558968

-84.37629862

2

No Name

5

5

164.0301634

-84.33965658

2

No Name

6

6

164.1007646

-84.33190734

2

No Name

7

7

164.0217743

-84.32197662

2

No Name

8

8

-166.4641053

-84.98381149

2

(Next to Delta Peak)

9

12

-147.673736

-86.56564432

3

Longitude
Decimal
Degrees

Latitude
Decimal
Degrees

Final
Assessment
Category
(Ice
Potential)**

160.7969257

-83.52086066

1

No Name

10

13

-152.5212857

-86.15905749

2

Ong Valley

11

14

157.6736248

-83.23374808

1 (known)

No Name

12

15

-159.1561047

-86.48731425

1

No Name

13

21

164.2018601

-84.31324326

1

Long Valley

14

22

-147.1220557

-86.23683683

1

No Name

15

23

-152.3499641

-86.1201166

1

No Name
(Next to Roaring
Ridge)
No Name

16

24

-152.5154714

-86.12732994

2

17

25

-146.8066406

-86.20639499

1

18

27

-174.3642279

-85.16273572

2

No Name

19

28

178.4775071

-84.87309159

2

No Name

20

29

178.4387154

-84.85118167

2

(In Morris Basin)

21

34

159.1970107

-75.6751773

2

No Name

22

37

160.4145358

-77.76147398

2

Foggydog Glacier

23

38

158.5380681

-79.74385198

3

No Name

24

40

157.9937992

-83.18476172

2

Not in Maps

25

41

-62.71973848

-84.85471472

3

No Name

26

44

-170.0032872

-84.87374816

2

Turnabout Valley
Beacon Valley

27
28

47
48

160.567514
160.6320085

-77.75583967
-77.82229487

1
1 (known)

*Green = High Potential; Yellow = Potential; Red = Low Potential
**Green (1) = High Potential; Yellow (2) = Potential; Red (3) = Low Potential
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Figure 11. Approximate elevation above sea level in the center of the valleys
containing one or more advancements (meters)
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Figure 12. Aspect for sites with two or more advancements in valley
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Figure 13. Aspects for sites with one advancement in valley
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Figure 14. Aspects for sites of ice free valleys
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Figure 15. Aspects for site valleys that are ice free and potentially containing ice
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Figure 16. Aspect of valleys containing one or more advancement
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Figure 17. Shapefile approximate area of valleys containing one or more
advancement
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Figure 18. Slope degrees of one or more ice advancements
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Figure 19. Elevation difference of current ice and buried ice with one or more
advancements
Various elements were compared as discussed above, this included
latitude, longitude, elevation, area, aspect, slope, a transect through the
Transantarctic mountains, and a difference in elevation of current exposed ice
extent and potential buried ice. These have been compared and presented in graph
format in the Appendix B (see Figure 27 through Figure 44).
The area of every valley floor was compared to the slope of the valley
using the shapefile area. This showed a linear relationship. Sites with a smaller
area were found over a steeper gradient, and sites with a larger area showed a
gentler slope. Due to its large size Beacon Valley has been omitted but still
follows the same trend (see Figure 20).
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Figure 20. Approximate area of valley versus slope of valley
There is a trend showing a correlation between aspect and elevation. The
graphs below show the aspect 1-360 degrees which shows as elevation increases,
we are seeing a trend from East to West with a lack of sites facing toward the
south (see Figure 21).
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Figure 21. Approximate elevation of valley versus aspect of valley, 360 degrees
were added to sites with aspect under 90 degrees to aid visualization of trend
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While some graphs do not have correlations, there can be some clustering
seen among ice sites containing one or more advancement (see Figure 22 through
Figure 24). In Figure 22, 0 and 360 degrees both represent a norther aspect,
therefore no matter the valley size, we are still seeing this general northern trend.
Figure 23 shows that most of our valleys are located more centrally on our
designated transect and Figure 24 is showing that the valleys have a trend towards
a northern aspect. Essentially all of the analysis pointed to the aspect being the
most important factor, resulting in the potential for buried ice.
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Figure 22. Approximate area of valley versus aspect of valley, 360 degrees were
added to sites with aspect under 90 degrees to aid visualization of trend

38

6

Area (km²)

5
4
3
2
1
0
0

500

1000

1500

2000

2500

3000

Transect (km)
Two or More Advancements

One Advancement

Figure 23. Transect versus approximate area of valley
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Figure 24. Transect versus aspect of valley opening, 360 degrees were added to
sites with aspect under 90 degrees to aid visualization of trend
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There were no relationships found with spatial mapping analysis. Maps
were created for the following (see Figure 25):
i.

Two or more advancements

ii.

One or more advancements

iii.

Ice free valleys

Figure 25. Map showing advancements and ice free valleys, green indicating two
or more advancements, yellow indicating one advancement, and red indicating ice
free valleys. There was no trend found in the data.
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A

B

C

Figure 26. Dendrogram using Wards cluster analysis with squared Euclidian
distance, final site numbers are on the far left, the number of cases is to the right
of the right of the site numbers. Three main clusters are circled in orange; cluster
A, B and C.
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The Wards hierarchal methods resulted with three main clusters of sites,
based on the comparison of area, elevation, aspect and slope. This analysis was
completed with ice free and potential valleys containing buried ice. Cluster A can
be found in (see Figure 26) shown with the site numbers on the far-left side 1-43.
Cluster B is shown from sites 9-36, and cluster C is shown from sites 27-48.
Cluster A has three main groupings, the first grouping contains mainly sites that
have a high potential for buried ice masses (11 sites) other than site 16. Cluster B
contains mainly ice free valleys (13 sites) other than 2, 3, 24, 25, 27 and 40.
Cluster A contains 15 sites with potential for buried ice and 7 sites that are ice
free. Cluster B contains 5 sites with the potential for buried ice masses and 13
sites that are ice free. Cluster C contains 2 potential buried ice masses and 4 ice
free sites.
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CHAPTER V
DISCUSSION

Initially, two types of analyses were performed. The first included the
visual analysis of valleys covered in debris including permafrost polygons which
were identified from the satellite images containing patterned ground. However,
due to the original collection of images containing clouds, it is possible that some
valleys might have been missed.
Further analyses were completed more subjectively. Aerial imagery was
used to look for end moraines and the flow of ice to better understand if the ice
could be located in one or multiple “pockets” in the ice, or if the valley potentially
had flowing debris covered ice. Permafrost polygons or the lack thereof were
visualized in the aerial photographs.
In order to promote consistency, visualization of the slope and number of
convex bulges from the elevation data was interpreted by one individual
subjectively.
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There is a possibility for ice masses that are labeled with two or more
advancements to have more than one pocket of ice that are related. To accurately
determine trends, sites that “passed” the first methods (debris covered and larger
area), but failed the convex test, were compared to those that did meet the convex
requirements. This was done to better understand what factors might allow for
protection of buried ice.
Various attributes were chosen for analysis in order to possibly recognize
the spatial trends and the commonalities of valley characteristics. Attributes such
as latitude, longitude, and a Transantarctic transect where used to spatially locate
and compare locations of the valleys. Knowing the associated latitude and
longitude can be used to facilitate future exploration.
One of the most important attributes was the elevation data. The elevation
data gave insight to the shape, the size, and the potential for ice. Without this data,
we would have had twice the number of sites for future research and would not
have insight into potential sites with more advancements.
Attributes such as aspect, area, elevation difference, and slope are
indicative of the potential of buried ice. Possible preservation of ice may be
attributed to the sun angle and length of time the valleys receive sun (Kumari et
al, 2020; Sun, 2015). There is a trend of ice-free valleys opening to the northwest
which is likely due to the amount of shade and the angle in which the valleys
receive the sun’s energy. The ice free valleys are shown mostly to the north which
could be explained by the potential more less moisture in these valleys to be
present (Kumari et al, 2020).
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Visual detection needs to be obvious when using satellite images that
cover an area of around 25 km². Most sites are >0.25km², so these valleys are
easily found within the satellite images. Smaller valleys are more likely to be ice
marginal deposits (Graly et al, 2018; Kassab, 2019). Essentially this could be ice
that is more recently deposited and is covered with debris, or potentially currently
flowing ice with debris from the erosion of the surrounding bedrock. However,
these deposits would be lacking the stagnant environment that is required for
buried ice to be present.
Unlike rock glaciers found around other parts of the world addressed in
Herreid et al, 2020, Antarctica has the unique potential to harbor stagnant masses
of ice in valleys that have been protected potentially for over a million years. The
reason for this is multiple cycles of glaciation that have occurred on the continent.
This allows for the potential for ice to sublimate allowing for the concentration of
debris in valleys throughout TAM without melting.
As discussed previously, glaciers that have >2cm of debris causes the ice
below to thermally insulated causing the subdebris melt rate to lower (Herreid et
al, 2020). This is common around the world and various studies have taken place
to determine how quickly glaciers are melting. However, debris covered glaciers
had been minimally studied until recently. It has been found that 44% of glaciers
on Earth (omitting Antarctica) (Herreid et al, 2020). Understanding that debris
cover reduces melt rates on glaciers in Alaska, Southwest Asia and Greenland is
important in understanding the important role debris plays in Antarctica.
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As discussed previously, ice needs to be deposited in a small area up slope
in a valley thus allowing the ice to be preserved in each valley. Therefore, slope
plays an important role in the preservation of ice. In this case, a high gradient
valley decreases the likelihood for a buried ice mass to occur. Slope plays an
important role in determining whether or not ice can stay in a valley.
It is well known that ice over 10 m thick flows under its own weight, the
steeper the slope, the higher likelihood for the ice to flow out of the valley
(Hooke, 2005). The elevation difference between the current ice and the potential
ice mass up-slope is also important.
Elevation difference can indicate the elevation of ice sheet needed to
occupy the valley. We used 200m of elevation difference to divide sites even
further. Sites that had greater than a 200m difference are more likely to have older
ice. This is also based on the data discussed in the Geology of Antarctica Section,
to avoid the last glacial advance; sites must be over 45 meters above the current
ice extent. This is important to find ice that is older than 10,000 years old (Ackert
et al, 1999).
Various sites were omitted from the results and discussion due to
problematic errors that occurred. Beacon Valley was problematic due to its
overall size. This made comparison difficult. Beacon Valley still followed the
overall trend; however, it made the trend impossible to visualize on the graph.
Cluster analysis was important to see if a trend between all valleys could
be seen comparing all of their attributes at the same time. The Wards cluster
analysis shown in the dendrogram in Figure 26 shows that there is correlation
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between many of the sites comparing elevation, area, slope, and aspect.
Correlations around 5 are the most like one another, therefore we are focused on
clusters A and B. Each of the three clusters was chosen because they are all below
five which indicates a higher correlation and connections beyond five were not
considered. Cluster A shows a higher potential for buried ice, and Cluster B
shows a higher potential for ice free valleys. This could indicate that all sites in
Cluster A may have a higher potential for buried ice even though analysis did not
provide the potential for the buried ice. This could also indicate that sites in
Cluster B could be considered ice free. However, to determine if this is true
further field work would be required.
Two valleys were used to find more buried ice masses, one of which was
used for ground truthing to develop methods to find more buried ice masses. Ong
Valley was the valley that played the most important role in our methods and has
accurate debris ages. Beacon Valley has undergone rigorous testing to determine
its age, but there are some discrepancies.
As discussed previously, Beacon Valley does have some issues including
visible collapse features and that glacier currently flowing into section of the
valley. There have been challenges dating this buried ice mass, which should be
taken into account for future field work in this area or other potential valleys. Ong
Valley displays collapse formations too; however, current dating of this ice is
trending toward a more accurate age unlike Beacon Valley.
Beacon Valley displays the key characteristics required for buried ice
mass detection. Permafrost polygons are present at the surface, seen in satellite
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imagery. The valley also portrayed convex topography. However, Beacon Valley
does have glaciers flowing into it. Without field work studies in this area, this
would not have been found using the methods of this paper and it would have
been considered a lower priority for field work. Field work has been conducted in
Ong Valley, showing permafrost polygon landscape. This valley portrays three
convex bulges which indicate three advancements of ice into the valley. Due to
the simplicity of this model valley, it was used for ground truthing.
Various studies have taken place in both of these valleys and have been
discussed previously due to the success with Ong Valleys dating (Bibby et al,
2016) it is likely these new sites can be analyzed via field work and present ice of
similar quality or potentially even older ice.
It should be stated that there are some issues with the data provided for
this project. Throughout the project, DEM data was collected in different data sets
with differing resolutions. Even with extra DEM data provided at higher
resolution, there were some problems with DEM data not being available for
some areas. Given that the lack of DEM data was not associated inside the valley,
the valleys could still undergo analyses. All but one valley had accurate DEM
data provided. Site Number 30 (arbitrarily numbered) was lacking accurate data
and could not be analyzed. It is possible that some of the valleys may have DEM
errors due to satellite collection issues, which should be considered in future
work.
Until field work is completed, there is a probability of false detection.
There is possibility for the valley surface to have convex areas, but may not have
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buried ice deposits. Errors could also occur from unavailable or inaccurate DEM
data. There is potential for human error with visual analysis of satellite and aerial
images, and when interpolating profile line segments. All of which should be
considered with future work.
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CHAPTER VI
CONCLUSIONS

Ice is a known archive of information with the potential to harbor various
types of paleoclimate information. Ice over 1 million years old has been found in
both Ong Valley and Beacon Valley. However, what is unique is that the old ice
is located in both valleys close to the surface with > 1 meter of till covering the
ice.
These two previously known buried ice masses were used for ground
truthing to discover more buried ice masses in TAM.
Multiple methods were used for this research to achieve our goal. The
combination of various methods including use of satellite imagery, digital
elevation models, aerial imagery, and spatial statistic tools provided an accurate
combination of factors to determine the most probable valley floor sites to contain
buried ice. This allowed for the identification of Valley field area location
coordinates, accurate elevation profiles, and visualization of potential ice flow in
each site to narrow the search for potential buried ice.
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Narrowing down the valleys potential for buried ice was subjectively
based on visual analysis of debris covered patterned ground and profiles taken
from each valley. The satellite imagery and aerial imagery provided 48 patterned
ground valleys. From those 48 valleys 24 valleys have profiles containing convex
bulges on the valley floor. Those 24 sites are considered sites most likely to
contain ice below the pattern ground. From the remaining 24 sites 11 were found
to have two or more convex bulges. The remaining 13 have one bulge. It is
thought that the more bulges, the more potential previous ice advances, the
potential for older potential ice found in the valley. However, this is unknown and
requires further research. The 11 of these sites with two bulges are considered the
best candidates for ancient ice due to two or more advancements. All the data for
each site can be found in Appendix A.
In order to better understand the data, the results from our methods various
characteristics were compared. This process resulted in the location, elevation,
slope, aspect, area, and spatial relationships for each site found along TAM. Each
of these factors was graphed against each other to look for trends (see Appendix
B).
These are my findings; there is a correlation found between some of the
characteristics of the valleys containing buried ice. Valleys that have a smaller
area are located at higher degree slopes; larger areas valleys are found to have
lower grade slopes. This is likely due to higher the elevations in the mountains
lead to less surface.
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The potential buried ice valleys also tend to be north-facing or Northwest.
It is likely due to the sun’s radiation pattern found in the southern hemisphere. It
is well known that valleys that receive more shade and are north pole facing tend
to have cooler temperature due to the lack of irradiance (Kumari et al, 2020). This
is thought to be similar in these debris covered valleys. However, there is a
potential for these north-western facing valleys to receive less irradiance due to
the angle of the sun and length of time the energy is being received but the valleys
to the north will likely have less moisture (Kumari et al, 2020; Sun et al,
2015).This indicates that valleys to the north-west, and not north are likely to
have a high potential to harbor buried ice.
Wards Cluster analysis provided much needed information about all
characteristics on each valley. Omitting latitude and longitude provided two
distinct grouping of valleys sharing traits about area, elevation, aspect and slope.
Based on this cluster analysis it is concluded that Cluster A has a higher potential
for buried ice, Cluster B is relatively ice free, and Cluster B provided outliers. The
primary reason this is of great importance is because this allows us to look at what
sites provide each of the necessary characteristics to harbor ancient ice.
These contributing factors are what we think to be the reason for having
these buried ice sites, with the potential for future analysis of sun irradiance in
each valley. Also, knowing these factors could allow for discovery of more buried
ice sites or smaller pockets of buried ice that were missed in the initial satellite
imagery search due to obstruction.

52

These advancements or bulges can show a stratigraphic column of
previous glaciation that occurred in Antarctica, which allows us to look further
back in time to analyze what is trapped in this ice. However, this is going to
require further study of the ice, which requires field research. Due to the
similarities of features found in these valleys and valleys that have known buried
ice, it is highly likely these sites will contain buried ice older than one million
years old or maybe even older. Ten of these 11 sites are located >200m above the
current ice sheet, thus increasing likelihood of old deposit. This process could
also be used to reconstruct previous Antarctic glaciation with age dating the
debris (quartz) in the ice. These deposits are increasingly important to study and
observe before they are gone due to increasing CO2 in the atmosphere which
could cause an increase temperature globally causing these to buried ice masses to
shrink. Future fieldwork is required to better understand these buried ice masses
and just how old they really are and could result in finding the oldest ice on Earth.
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APPENDIX A
Table 4. Potential Sites Examined for Study
Final Category (Ice Potential): Green (1) = High Potential; Yellow (2) = Potential; Red (3) = Low Potential
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Figure 27. Latitude versus approximate elevation of valley
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Figure 28. Latitude versus slope of valley
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Figure 29. Latitude versus approximate area of valley
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Figure 30. Latitude versus aspect of valley opening
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Figure 31. Approximate elevation of valley versus slope of valley
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Figure 32. Approximate elevation of valley versus approximate area of valley
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Figure 33. Approximate elevation of valley versus aspect of valley opening
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Figure 34. Approximate area of valley versus slope of valley
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Figure 35. Aspect of valley opening versus slope of valley
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Figure 36. Approximate area of valley versus aspect of valley
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Figure 37. Longitude versus approximate elevation of valley
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Figure 38. Longitude versus slope of valley
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Figure 39. Longitude versus approximate area of valley
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Figure 40. Longitude versus aspect of valley opening
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Figure 41. Transect versus slope of valley
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Figure 42. Transect versus approximate area of valley
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Figure 43. Transect versus aspect of valley opening
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Figure 44. Transect versus approximate elevation of valley
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